INTRODUCTION
Dissimilar Metal Welds (DMWs) is generally applied to nuclear power plants for manufacturing and machining in structural components such as reactor pressure vessel and Pressurizer nozzles. Alloy 152 is used frequently as filler metal in the manufacture of the DMW in light water reactor to join the low alloy steel pressure vessel nozzles and steam generator nozzles to nickel-based wrought alloy or austenitic stainless steel components. The thermal expansion coefficient of the alloy lies between ferrite steel and austenitic stainless steel. It also significantly retards carbon diffusion from the ferrite base metal to the weld metal [1, 2] . However, in recent years cracking phenomena have been observed in the welded joints. Concerns have been raised to the integrity and reliability in the joint transition zone due to the high susceptibility of the heat affected zone (HAZ) and the fusion boundary (FB) to stress corrosion cracking (SCC) in combination with thermal aging [1, [3] [4] [5] .
The DMW has some characteristics in its microstructure and properties [1, 3, 6] . Firstly, there exists the composition gradient from the base metal to the weld metal across the FB. Such a change of the composition causes the change in the microstructure, mechanical property as well as the corrosion resistance. Secondly, the DMW is exposed to the thermal cycling during the welding [3, 7] . Thermal cycling during the weld process makes the change in the microstructure, mechanical properties and the corrosion resistance. Koo et al. [7] found that in a single-pass weld of structural steels four distinct zones of the HAZ are formed by the local thermal cycle experienced during welding. The four zones consist of coarse grain zone, fine grain zone, inter-critical zone, and sub-critical zone. The HAZ in low alloy steel showed higher level or density of hardness than the base metal. Thirdly, the formation of residual stress in the FB region due to the microstructure heterogeneity and the thermal mismatch can result in the gradient of mechanical properties across the FB [8] .
Since the material microstructure and chemical composition are key parameters affecting the SCC, improving the understanding of SCC at the FB region requires fundamental understanding of the unique microstructure of the FB region in DMW. Hou et al. [1] found that scanning electron microscope (SEM), transmission electron microscope (TEM) and energydispersive X-ray spectroscopy (EDS) analysis showed the composition gradient and microstructure near the FB in a dissimilar weld joint of Alloy 182-A533 Gr. B. In the SEM and TEM analysis of the study, the unidentified band and the chromium carbides have been discovered near the FB in the low alloy steel HAZ. Although the SCC was usually confined to and initiated from the weld metals [9] , the FB is also a potential path of cracking The dissimilar metal joints welded between Ni-based alloy, Alloy 690 and low alloy steel, A533 Gr. B with Alloy 152 filler metal were characterized by using optical microscope, scanning electron microscope, transmission electron microscope, secondary ion mass spectrometry and 3-dimensional atom probe tomography. It was found that in the weld root region, the weld was divided into several regions including unmixed zone in Ni-base alloy, fusion boundary, and heat-affected zone in the low alloy steel. The result of nanostructural and nanochemical analyses in this study showed the non-homogeneous distribution of elements with higher Fe but lower Mn, Ni and Cr in A533 Gr. B compared with Alloy 152, and the precipitation of carbides near the fusion boundary. [10] . Despite the potential degradation and consequent risk in the DMW, there is still a lack of the fundamental understanding of microstructure in the FB region, in particular, in the region containing unidentified band structure near the FB.
Therefore, the current study is aiming at the characterization of the dissimilar metal joints which were welded between Ni-based alloy, Alloy 690 and low alloy steel, A533 Gr. B with filler metal, Alloy 152 by using nanostructural and nanochemical analyses including optical microscope, SEM, TEM, secondary ion mass spectrometry (SIMS) and 3-dimensional atom probe tomography (3-D APT).
EXPERIMENT

Materials
A representative dissimilar weld mock-up made of Alloy 690/Alloy 152/A533 Gr. B was fabricated and provided by Argonne National Laboratory (ANL). A533 Gr. B was coated with Alloy 152 with the process of shielded metal arc welding followed post welding heat treatment by at 607~635ºC for 3 hours. After the process, the weld joint of Alloy 690 and A533 Gr. B was prepared by the shielded metal arc welding method with Alloy 152 fillers. The first weld layer was buttered with voltage of 25-26 V, current of 97-102 A, travel speed of 127mm/min, and maximum heat input of 1.252 KJ/mm. Then, the remainder was welded with the same range of voltage, maximum heat input and travel speed as initial buttering, but with current of 97-102 A and the maximum heat input of 1.437KJ/mm. During the process, the interpass temperature was kept below 199ºC, and the minimum of preheat temperature is 20ºC. Chemical compositions of both metals are shown in Table 1 . The sample containing the interface and Alloy 152 was cut from the dissimilar weld joint as shown in Fig. 1 . 
Specimens
The specimen for microhardness and SEM analyses was prepared by polishing the sample with ~0.05µm colloidal silica. The specimen for SEM was prepared by etching using a 3% nital solution. The specimen for SIMS was prepared by polishing the sample with ~0.05µm colloidal silica. The specimens for TEM and 3D APT were prepared by using focused ion beam for thinning. TEM specimens were deposited with carbon, cut and thinned with gallium ion beam by using Quanta 3D FEG focused ion beam. The specimens were about 100nm thick. 3D APT specimens were deposited with platinum, cut and thinned with gallium ion beam by Helios Nanolab 600 dual-beam focused ion beam. The specimens have a needle shape of about 100 nm in diameter.
Procedure
Vickers microhardness measurement was performed with 0.3 kgf(=2.94N) of test load during 10 sec per each position. The number of positions for measurement is 142 points per a horizontal line. There are 24 horizontal lines for the measurement as shown Fig. 2 (a) . The distance between each horizontal line is 3 mm, and that between each point in each horizontal line is 0.3 mm. The procedure is followed by ISO-6507-1. Metallographic microstructure of the FB region was characterized by SEM. Chemical composition in the FB region was analyzed by (Quanta 200 SEM) EDS. The elemental map of alloy constituents was characterized by SIMS (CAMECA, IMS 6F SIMS) in positive as well as negative mode. While the positive mode uses O + gun, a voltage of 7.5kV and a current of 200pA (detected ion: 52Cr, 55Mn, 56Fe, 58Ni, 98Mo), the negative mode uses Cs+ gun, a voltage of 15kV and a current of 20pA (detected ion: 1H, 12C, 16O, 28Si). A JEM-2100F TEM was used for analyzing the transition of crystallographic microstructure and chemical composition in the FB region.
A LA_WATAP was used for the 3-D APT analysis of the chemical composition in the region containing the A533 Gr. B and the FB by utilizing laser pulsing with a wavelength of 343 nm. The analyses were made at a temperature of -213ºC, and the pulse frequency and the voltage range are 100 kHz and 2~14kV, respectively. except the HAZ region near the FB. The first and largest peak in the HAZ in A533 Gr. B is around 370 in Vickers hardness, and the second peak is around 270 in Vickers hardness, which is about the same range as that in the weld region. Even though it would be difficult to directly correlate the hardness measurement to the nanosize precipitates distribution, the local peaking of hardness in the HAZ where is located very adjacent to the FB can give the insight for the general material properties with less ductility around the region. Moreover, the region in the HAZ showing the highest hardness value can be possibly degraded by thermal aging with the combination of weld thermal history. Previous studies [11, 12] have observed that the heat affected zone is experiencing of thermal aging which can induce the grain coarsening, the precipitation and the segregation of trace impurities. Local loss of ductility judged from measured higher hardness is considered to be more problematic in terms of structural integrity, synergistically combined with the effect of thermal aging near the FB. Therefore, it is considered that thermal aging can cause the degradation in the higher hardness region. Therefore, the current study including detail microstructure analysis is primarily focused on this region. Fig. 4 represents SEM images showing four distinguished regions between the FB and the HAZ in A533 Gr. B; coarse grained HAZ, fine grained HAZ, inter-critical HAZ and subcritical HAZ. Larger lath martensite structure is changed into bainite (base metal) consisting of ferrite and cementite. Comparing the profile of microhardness measurement shown in the previous section, the peak of microhardenss is corresponded to the coarse grained HAZ having larger lath martensite structure , and the relatively low microhardness region is to banite structure in the HAZ. Fig. 5 shows the typical SEM microstructural images around the weld root region near the FB. The microstructure contains ferrite structure having 10~15µm size. In the structure near the FB, the peak of microhardness was similary observed as shown in the previous section. Figs. 6 and 7 show the EDS elemental analysis across the weld, showing that Fe content is higher, but Cr, Ni and Mn contents are lower in A533 Gr. B than in Alloy 152 as expected. However, an 'unmixed zone' showing a feature of island, which possesses similar chemical composition with A533 Gr. B as shown in Fig. 7 , is also observed. 
RESULT
Microhardness Measurement
Microstructural Analysis by SEM
Microstructural Analysis by SIMS
Two different modes were used for SIMS analysis in this study. For heavy elements, the positive mode was used and the results are shown in Fig. 8 . Similarly during the SEM analysis, a higher Fe content was observed, while Cr, Ni and Mn contents are lower in A533 Gr. B than in Alloy 152. For the light element, the negative mode was used and the results are shown in Fig. 9 . From Fig. 9 , carbon is accumulated in weld very close to the FB than other regions. In the previous study by Hou et al. [1] , they reported the chromium carbides on the FB between Alloy 182 filler metal and A533 Gr. B, as similar to the observation in this study. It is believed that the higher concentration of carbon in the side of A533 Gr. B is caused during the welding process by the formation of carbide through the reaction between carbon and alloying elements (Cr, Mo, and Mn) in Alloy 152 weld metal.
Microstructural Analysis by TEM
The result of TEM-EDS analysis shows the consistency to that of SEM-EDS and SIMS analysis in this study. As shown in Fig. 10 , it is found that there exist sharp transitions of chemistry depending on positions and elemental species near the FB in the DMW. It is also observed that there exist regions showing a valley of Fe and a peak of C, Cr, Mn and Mo in the alloy constituent distribution. The transitional region is considered to correspond to carbide precipitates near the FB in the weld. As shown in Fig. 10 , the several precipitates on the fusion boundary were observed. The low precipitate density on fusion boundary is most likely due to the high solubility of carbon in the side of low alloy steel having bcc structure. In addition, the TEM observation also shows that the structure is mainly B.C.C. with lath martensites in the low alloy steel side. Fig. 11 shows the 3-dimensional distribution of atomic species around the weld fusion boundary measured by 3D APT. Fig. 11 (a) displays the three dimensional reconstruction of the DMW specimens and interesting regions for the further detail analysis as summarized in Table 2 . Fig. 11 (b) presents each elemental distributional map including C, Cr, Mn, Mo, Si, Fe and Ti. Table 2 includes the atomic concentrations of the each region. Figs. 11 (c) and (d) the elemental profiles in the volumes of 'F-E' and 'C-D-E' represented in Fig. 11 (a) . As can be seen from Figs. 11 (c) and (d) , it is observed that the carbon and chromium concentrations are higher near the FB than near other regions, which is similar to what's observed in SIMS negative analysis. Table 2 shows that the higher concentrations of Cr, C, Mo and Mn are in the spaces of A, C, E and G. As seen from the 3D APT results, these regions can be considered as carbide precipitates which are formed in Alloy 152 weld metal during the welding process. In addition, through that B and D spaces have higher Fe and lower Ni than F space in Figs 11 (c) and (d) and Table 2 , the FB can be also distinguished from other regions as shown in Fig. 11 (a) . There are a detail procedure for the 3-D APT analysis including sample preparation and analysis condition, and the results will be published in the separate article in the future.
Microstructural Analysis by 3-D APT
DISCUSSION
This study is focused on the nanostructural & nanochemical analysis near the FB between Alloy 152 and A533 Gr. B to evaluate the integrity of the Alloy 152-low alloy steel DMW. By the clear understanding of the microstructure of the fusion boundary region in an Alloy 152-low alloy steel dissimilar weld joint, the results are discussed in this section under the context of the likely effect of long term aging on the potential degradation and cracking in HAZ. From the results described in the previous section, it can be summarized that there exists the region showing the highest microhardness, and chromium carbides were observed in the FB as well as in the HAZ where is located very close to FB.
In previous studies by Nelson et al. [10] , they investigated the FB in ferritic-austenitic DMW by using 70Ni-30Cu filler metal and iron base metal. Their findings showed that the FB exhibited random misorientation between the base and the weld metal grain. They concluded that the type-II boundary that parallels to the fusion boundary in the dilution zone (DZ) of weld metal could play a role of a potential crack path and had been formed as a result of the occurrence of the allotropic transformation at elevated temperatures. Hou et al. [1] performed similar experimental study with Alloy 182 filler metal and A533 Gr. B. They also found the existence of a type-II boundary parallel to the FB in the dilution zone of Alloy 182. They observed the precipitates of composited carbides of Ti and Nb, and Cr23C6 on the type-II boundary and FB region. Near the type-II boundary and FB region, the formation of precipitates can cause the depletion of chromium in the matrix, which may result in the less formation of protective chromium oxide layer in the high temperature aqueous environment. The region in the HAZ showing the highest hardness may have degraded through thermal cycling during the weld process with the combination of high residual stress. The long term exposure of this king of material could experience the thermal aging which can form the chromium carbides near the FB by promoting the diffusion of C content at the service temperature [13, 14] . Additionally, in regards to the crack parallel to the FB, Seifert et al. [13, 14] evaluated the cracking behavior in the transition region of an Alloy 182/ SA 508 cl.2 DMW. The growth rate of SCC in a high-purity water environment was only slightly higher parallel to FB than in the dilution zone. Combining all described above, the FB in the DMW can be severely degraded by the decreased resistance to intergranular stress corrosion cracking. However, a detail investigation on the effect of thermal aging on the change of properties in the DMW needs to be pursued to warrant the integrity of DMWs.
CONCLUSION
Nanostructural and nanochemical analysis were performed to characterize the fusion boundary of as-welded dissimilar metal weld which consists of Ni-base alloy and low alloy steel. The techniques used in this study include the microhardness measurement, scanning electron microscopy (SEM), secondary ion mass spectroscopy (SIMS), transmission electron microscopy (TEM), and 3dimensional atom probe tomography (3-D APT). The conducted microhardness measurements in the region of heat affected zone (HAZ) of A533 Gr. B revealed the existence of the highest Vickers microhardness region in the HAZ. By SEM and SIMS analyses, Fe content was found to be higher than Alloy 152. But Cr, Ni and Mn contents probed to be lower in A533 Gr. B than in Alloy 152 as the chemical composition of the metals. From TEM and 3-D APT analyzed, the chromium carbides on the fusion boundary were observed. The long term exposure of this kind of DMW could experience the thermal aging Table 2 . 3D APT Elemental Concentration (in at. %) in the Each Region Indicated in Fig. 11 which can cause the degradation by grain coarsening, the precipitation and the segregation of trace impurity near the FB. Also, the local loss of ductility judged from measured higher hardness is considered to be more problematic in terms of structural integrity, synergistically combined with the effect of thermal aging near the FB, even in case of no local depletion of chromium. However, a detail investigation on the effect of thermal aging on the change of properties in the DMW needs to be pursued to warrant the integrity of DMWs 
